Abstract: Inflammasomes are intracellular multiprotein platforms for the activation of inflammatory caspases. As components of the innate immune system, they play an important role in the fight against microbes. However, aberrant inflammasome activation has been implicated in auto-inflammatory syndromes. This review focuses on the NLRC4 inflammasome. This is perhaps not the most extensively studied, yet its mechanism of activation is by far the best understood. The NLRC4 inflammasome is activated by several proteins originating from intracellular bacteria, which are first sensed by receptors of the NAIP family. Activated NAIP binds NLRC4, which further recruits dormant NLRC4 molecules in a prion-like oligomerization event. NLRC4 enables a strong amplification of the signal, providing a fast and robust host response. The review also discusses peculiar NLRC4 inflammasome functions in promoting eicosanoid biosynthesis, actin reorganization, and its roles in autoinflammatory syndromes and sterile inflammation. Finally, the first inflammasomeindependent engagement of NLRC4 in suppressing melanoma tumor growth is presented. The emerging roles of NLRC4 in various normal and pathological processes demonstrate that there is still plenty to be learned about the NLRC4 mechanism of activation and downstream functions.
Introduction
The mammalian innate immune system involves various defense mechanisms that rapidly eradicate pathogens. Pattern recognition receptors play an important role in the recognition of pathogen-associated molecular patterns (PAMPs) and facilitate signaling, leading to an inflammatory response. Nucleotide binding domain (NBD) and leucine rich repeat domain (LRR) containing proteins (NLRs) are a diverse family of primarily cytosolic proteins. In all NLRs, the NBD domain is followed by three NBD-associated domains, the helical domain-1 (HD1), the winged helical domain (WHD), and the helical domain-2 (HD2) (Fig. 1) . Historically, sometimes either NBD alone [1] or NBD with two or three associated domains [2] is called a NOD or NACHT module (present in NAIP, CIITA, HET-E, and TP1 proteins). In addition, the majority of NLRs also contain N-terminal or C-terminal domains, with death fold domains such as the pyrin domain (PYD) or the caspase-recruitment and activation domain (CARD) being the most prevalent. Several NLRs were shown to assemble into inflammasomes, multiprotein platforms for the activation of inflammatory caspases. Due to a plethora of diverse microbial, endogenous, and pollution-associated triggers of activation, the NLRP3 inflammasome is the most investigated of the inflammasomes. Recent studies brought new insight into the biochemical and structural mechanisms of the NLRC4 inflammasome assembly [3] [4] [5] , by far superseding the structural and mechanistic knowledge gained on the NLRP3 inflammasome initiation.
The aim of the present review is to summarize the crucial points in NLRC4 inflammasome assembly, starting with initial recognition of PAMPs. We will continue with the structural aspects of NLRC4 in the dormant and activated state and compare the established mechanisms of NLRC4 assembly with the apoptosome assembly. The necessity of adaptor ASC (apoptosis-associated specklike protein containing a CARD) engagement for diverse effects will be summarized. Some interesting aspects haveadditional PAMPs trigger NLRC4-mediated caspase-1 activation [10] , which eventually led to the identification of the components of the type III secretion system (T3SS) as additional activators of NLRC4 [12] [13] [14] [15] . NLRC4 thus mediates cell response to needle and rod proteins, the components of T3SS, and to flagellin. However, the direct binding of those PAMPs to NLRC4 was not demonstrated.
NAIPs or NBD-domain-containing inhibitor of apoptosis proteins are NLR proteins that lack death fold domains, but instead contain baculoviral inhibitor of apoptosis protein repeat (BIR) domains at their N-termini (Fig. 1D) . Studies on L. pneumophila replication in susceptible and resistant mouse strains highlighted the role of the gene encoding for NAIP5 [16, 17] . Genetic ablation of Naip5 or Nlrc4 rendered macrophages incapable of activating caspase-1 in response to L. pneumophila [18] and functional NAIP5 protein was identified as necessary for flagellin signaling (reviewed in [19] ). Some bacteria, such as S. Typhimurium and P. aeruginosa, were able to induce caspase-1 activation in the absence of NAIP5. Two studies showed that the NAIP5 paralog NAIP2 recognizes than caspase-1-driven cytokine maturation. We will end by acknowledging recent reports on the involvement of NLRC4 in diverse pathologies.
Initial recognition of PAMPs is mediated by NAIPs
NLRC4 was discovered in 2001 due to its homology to apoptotic proteins and it was shown that it can bind pro-caspase-1 in an overexpression system (HEK293T) [6] . NLRC4 is crucial in response to bacterial infections such as Salmonella Typhimurium leading to macrophage death and the release of proinflammatory cytokines [7] . The activating PAMPs, however, remained unknown. Genetic analyses of Legionella pneumophila and S. Typhimurium revealed that the delivery of flagellin into the cytosol was necessary for robust NLRC4-dependent caspase-1 activation and macrophage cell death [8] [9] [10] [11] . Interestingly, high doses of S. Typhimurium induced flagellin-independent NLRC4 activation, suggesting that which was demonstrated for NLRC4 and also for NLRP1b, where cleavage was sufficient for activation with Bacillus anthracis lethal factor protease [28, 29] .
3 In the absence of activators NLRC4 is present in an inactive form NLRC4 is located in the cytosol in an inactive form. NLRC4 belongs to the AAA+ family of adenosine triphosphatases with numerous domains (STAND) together with molecules involved in apoptosis, Apaf-1 and CED-4 (Fig. 1C) . The structure of mouse NLRC4 lacking the N-terminal CARD domain was determined in 2013 [30] , revealing a NOD module composed of NBD, HD1, and WHD. The NOD module is followed by HD2 and LRR ( Fig. 1, 2 ). This structure represents NLRC4 in an inactive form and has the shape of an inverted question mark (Fig. 2) [3] . ADP seems to be critical for the stabilization of the NLRC4 inactive form, since it interacts with the Walker A motif and Thr135 from the NBD with several H-bonds. ADP also interacts with His438 from WHD ( Fig. 2A ). There are also extensive interactions among other domains. HD2 interacts with α8 of the NBD (Fig. 2B ) and the N-terminal part of the LRR domain (Fig. 2C) , additionally stabilizing the inactive form. The LRR domain does not interact with ADP, but occludes it from a solvent via interactions with the NOD through a β hairpin (Fig. 2D) . The authors supported the structural data with functional studies. Point mutations disrupting inhibitory interactions or truncating NLRC4 from the C-terminus to delete the LRR domain or both LRR-HD2 domains led to partially constitutive or constitutive activation, further supporting structural data on the inhibitory role of the LRR domain.
Recently, the structure of NOD2, another member of NLR family was determined [31] . NOD2 (also known as NLRC2) has two tandem CARD domains at the N-terminus (Fig. 1B) . NOD2 does not form an inflammasome, but instead, upon sensing muramyl dipeptide, undergoes oligomerization leading to the activation of transcription factors such as NF-κB [32] . Despite similar domain organization, the crystal structure of NOD2 lacking CARD domains revealed striking differences between NOD2 and NLRC4, particularly in the HD2 domain and its orientation towards NBD, HD1, and WHD [31] . Previous studies showed that the deletion of LRR resulted in enhanced NF-κB activation [33] , indicating the inhibitory role of LRR also in the case of NOD2; although, due to different orientations the mechanism is likely not the same as for NLRC4.
The NLRC4 structure in an inactive conformation was the first structure of any member of the NLR family the rod protein of T3SS [13, 14] , while NAIP5 and the closely related NAIP6 mediate flagellin response. These studies demonstrated that NAIPs are the sensors functioning upstream of NLRC4. Mice have seven paralogs in the same genetic locus, originating from gene duplication, while humans have only one NAIP [20] which was shown to recognize the needle component of T3SS, similar to its mouse ortholog NAIP1 [14, 15, 21] . Recently, however, the full length human NAIP isoform expressed in human primary macrophages was also demonstrated to induce robust flagellin-dependent cell death and IL-1β response upon S. Typhimurium infection [22] . Using mice deficient in selected NAIPs, ligand specificity was confirmed [23] . Zhao et al. also estimated the contribution of particular PAMPs in NAIP/NLRC4 inflammasome stimulation by five different pathogenic bacteria [23] . Bacteria developed a variety of mechanisms to hijack cells and dominate the host, including mutations and a change in the conformation or expression of molecules sensed as PAMPs (reviewed in [24] ). Thus, PAMP redundancy in the NAIP/ NLRC4 case could present an important host adaptation and advantage.
From summarized studies, we now understand that NAIPs respond to bacterial PAMPs present in the cytosol [13, 14] . Using oligomerization studies in a HEK293T system, two groups were able to show that NAIPs act upstream of NLRC4. NAIPs lacking a LRR domain were constitutively active only in the presence of NLRC4, while NLRC4 molecules lacking LRR supported spontaneous caspase-1 activation and pyroptosis [13, 14] . Yet, how NAIPs recognized their ligands remained unknown. As mentioned earlier, mice have several NAIPs with high diversity among different inbred strains [25] . Exploiting this high variability, an extensive mutagenesis study of more than 40 chimeric proteins enabled the mapping of the parts of the NAIP molecules responsible for the recognition of and response to bacterial components (Fig. 1D) [25] . Switching segments between points, mostly located within regions of high sequence identity among NAIPs, enabled the mapping of the PAMP specificity domain to regions comprising of HD1, WHD, and HD2 and the unannotated segment between HD2 and LRR of NAIP5 for flagellin, and HD1, WHD, and HD2 of NAIP2 for the rod protein of T3SS (Fig. 1D) . Tenthorey et al. [25] also showed that the LRR domain is not the domain that determines the specificity of NAIPs and is probably not necessary for PAMP recognition at all, unless it binds a motif common to both flagellin and T3SS proteins. This is in contrast to a well-established LRR domain function in Toll-like receptors and also in plant NLR proteins [26, 27] , but does not contradict the repressive role of the LRR domain [13] , Approximate locations of insets are depicted on the main structure. Interactions that stabilize the inactive structure are: A) interactions, predominantly H-bonds between ADP and NDB (Walker A, Thr135 from NBD and H438 from WHD); B) interactions between NBD and HD2. HD2 residues have contacts with α8 of NBD, which is critical for oligomerization of NLRC4 and of other members of the STAND family; C) extensive interactions between HD2 and N-terminus of LRR; D) interactions between N-terminus of LRR and NBD (Y617-H147 and Y585-R145, mediated by hydrogen bonding in LRR domain). Structural images were generated using UCSF Chimera [88] . activation ( Fig. 3B) proposes that NLRC4 activation is initiated by respective NAIPs recognizing bacterial ligands through the HD1-WHD-HD2 region [25] . The ligand induces conformational change, exposing NAIP's nucleating surface, which binds to NLRC4 via its receptor surface. NLRC4's receptor surface is already exposed in the inactive form. The binding of NAIP to NLRC4 induces a conformational change pivoted at WHD, exposing NLRC4's nucleating surface (Fig. 3B) . The ligand-NAIP-NLRC4 complex recruits additional NLRC4 molecules, consequently forming twisted structures, wheel-like [3, 4] or spiral [5] structures. The oligomerization of NLRC4 induces the oligomerization of NLRC4 CARD domains and the recruitment of pro-caspase-1 molecules with subsequent self-induced activation.
In their disc-like appearance, NLRC4 inflammasomes resemble apoptosomes. Apaf-1 ( (Fig. 1C) . Apaf-1 and Dark also contain C-terminal WD40 repeats constituting two β propellers, WD1 and WD2. The mammalian heptameric Apaf-1 apoptosome is assembled upon cytochrome c release from mitochondria. Cytochrome c binds between two β-propeller regions, destabilizing the autoinhibited monomeric form of Apaf-1, leading to the exposure and displacement of ADP for ATP or dATP and oligomerization [35, 36] (Fig. 4A ). The major function of the Apaf-1 platform is to activate procaspase-9, the initiator caspase, which further activates effector caspases-3 and 7 (Fig. 4A) . The Caenorhabditis elegans CED-4 apoptosome assembly and the activation of the initiator caspase CED-3 proceed in three sequential steps (Fig. 4B) . The scaffolding protein CED-4 is present as an inactive dimer, stabilized by the CED-9 monomer. Cell death stimuli induce the activation of EGL-1, which binds CED-9 and causes dissociation of CED-9 from CED-4 dimers, enabling them to oligomerize into the CED-4 apoptosome capable of activating caspase CED-3 (Fig. 4B) . Recent studies show that only two molecules of CED-3 bind to the octameric CED-4 ring via the caspase and CARD domains and stay attached, functioning as a holoenzyme [37] . Although the Drosophila melanogaster apoptosome adapter Dark has the same domain structure as Apaf-1, the mechanism leading to Dark oligomerization seems to be quite different (Fig. 4C) . Dark assembly is initiated either by the addition of dATP [38] or by the addition of Dronc zymogen (an analog of pro-caspase-9) leading to the assembly of double octameric apoptosomes, with CARD domains connecting the two rings (Fig. 4C , side projection). Such apoptosome was shown to facilitate and as such brings invaluable information regarding the mechanism of NLRC4 repression. NLRC4 and NOD2 structures demonstrate that noteworthy differences can be observed and have to be taken into account when preparing structural models of other NLR proteins.
Activated NAIP binding releases autoinhibition of NLRC4, which recruits further NLRCmolecules
The crystal structure of NLRC4 [30] provided invaluable information on the interactions which lock NLRC4 in the inactive form; yet, little is known about the mechanism of NLRC4 activation. As Hu et al. proposed in 2013 [30] , the LRR domain has to move away from the NOD module for NLRC4 oligomerization to take place. Three studies used cryoelectron microscopy or cryoelectron tomography of the disk-like structures of NAIP2-NLRC4 (NAIP5-NLRC4) oligomers and rigid-body fitting to assign the structure of oligomers at subnanometer resolution [3] [4] [5] . All three studies revealed substantial reorganization of NLRC4 domains upon NAIP2 (NAIP5) binding. Hu et al. and Zhang et al. describe an approximately 90° rotation at the hinge region between HD1 and WHD compared to the inactive conformation (Fig. 3A , Active I) [3, 4] . A slightly different model was obtained upon the rigid body fitting of NBD-HD1, WHD-HD2, and LRR to spiral rod electron tomography images [5] . In this model (Fig. 3A , Active II), NBD-HD1 rotates 21° and LRR 49° with respect to the WHD-HD2 segment. An overlay of both models of active NLRC4 and the structure of inactive NLRC4 is shown in Fig. 3A .
NLRC4-containing wheel-like particles were first observed under a transmission electron microscope by Halff and coworkers [34] , revealing 11-or 12-fold symmetry. They already suspected that, in contrast to apoptosome particles, NAIP5/NLRC4 particles are substoichiometric, with NLRC4 being far more abundant than NAIP5 or flagellin [34] . The resolution of cryoelectron microscopy structures was unfortunately not sufficient to decipher NAIP2 from NLRC4. However, Nanogold labeling of Histagged NAIP2 clearly demonstrated that one molecule of NAIP2 is present per single wheel-like structure [3, 4] . The same was shown for the PrgJ molecule [3] . Additionally, when analyzing the lower molecular weight complexes of PrgJ-NAIP2-NLRC4 ΔCARD , which formed unclosed and twisted oligomers, the protomer at one end appeared different from the rest and was labeled with Nanogold, defining it as NAIP2 [3] . The current model of NLRC4 Figs. 1 and 2 . Overlay of the models is presented on the right. B) Molecular mechanism of NAIP/NLRC4 activation. Bacterial activator (depicted as a star) binds NAIP and induces spatial rearrangement of domains, exposing NAIP's nucleating surface. Activated NAIP binds the NLRC4 receptor surface, exposing NLRC4's nucleating surface, which enables recruitment of the next NLRC4. Electron microscopy reveals 10-12 oligomer inflammasome particles, which contain only one NAIP molecule. All models of active forms (including NAIP's) are based on the structure of the active form (PDB: 3JBL; [4] ). Side view of NLRC4 oligomer is presented below. One monomer in oligomer is labeled in colors corresponding to different NLRC4 domains. Note that CARD domains are missing from the published structures and are not depicted. is colored in green. Structural images were generated using UCSF Chimera [88] .
Dark). In the case of the NLRC4 inflammasome, a single microbial molecule binding to one NAIP family member is able to trigger an enormous response. This is first amplified at the level of NLRC4 and is then possibly further amplified at the level of pro-caspase-1 and/or ASC, which have both been demonstrated to form filaments in vitro upon induction [40, 41] . Such amplification of the signal enables efficient immunosurveillance, but also opens new questions regarding immune response resolution after the infection has been cleared out.
Open questions also remain regarding NLRC4 inflammasome activation. It is not clear whether caspase-1 is self-processed and dissociates from the inflammasome or whether activation and self-cleavage are two separate events. Different mechanisms are also used for activation of initiator caspases in apoptosis. A substoichiometric number of pro-caspase-9 molecules bind and stay attached to the Apaf-1 apoptosome. The same is true for CED-3, while Dronc binds Dark in a 1:1 ratio and dissociates from the apoptosome particle.
Another open question is the role of nucleotide exchange in NLRC4 inflammasome assembly. In the case of the Apaf-1 apoptosome, ADP in the inactive monomer is exchanged by ATP in the apoptosome. Zhang et al. failed to observe nucleotide density in the Cryo-EM map of NLRC4 oligomer [4] . Additionally, the modified Walker B motif, missing arginine in the sensor I motif [42] and mutagenesis studies of the Walker A motif [43] could indicate that ATP binding might not be necessary and that perhaps ADP release is enough for inflammasome assembly.
Electron microscopy advancement enabled observation of relatively large structural complexes at high resolution and provided important information on the structure and mechanisms of caspase-activating platforms. However, further studies are needed to clarify the remaining open questions.
The role of ASC in cytokine maturation and pyroptosis
The major function of the inflammasome platforms is the activation of inflammatory caspases. Canonical inflammasomes activate caspase-1. In turn, caspase-1 cleaves cytokines pro-IL-1β and pro-IL-18 to produce mature cytokine forms. Independently of cytokine maturation, caspase-1 is able to cleave gasdermin D [44, 45] . The N-terminal segment of gasdermin D forms pores in membranes [46] [47] [48] [49] and induces a type of cell death called pyroptosis. In contrast to the pyrin domainefficient activation of Dronc, which dissociates and cleaves its substrate Drice (Fig. 4C) [39] .
Inflammasomes and apoptosomes are caspaseactivating platforms. Scaffolding proteins belong to the same structural superfamily, yet the mechanisms of activation are very different. The most fascinating is the difference in the activator/scaffolding protein ratio. Apaf-1 and Dark are activated as 1:1 complexes with their activators (cytochrome c for Apaf-1 and Dronc CARD for is released from cells to facilitate caspase-1 activation in the extracellular space and transferred to new phagocytic cells to induce further inflammatory responses [51, 52] . Interestingly, ASC speck also appears upon the activation of NLRC4. While pyroptosis due to the activation of CARDcontaining receptors is not dependent on ASC [7, 53, 54] , IL-1β maturation is strongly enhanced in the presence of ASC [53, 55] (Fig. 5 ). Extensive mutagenesis [55] and study with ASC CARD -specific single domain antibody fragment [56] revealed that the CARD domains of ASC enable crosslinking of ASC PYD filaments into ASC speck, which is necessary for the caspase-1 maturation of cytokines. Gasdermin D cleavage and pyroptosis occur, however, even containing receptors such as NLRP3 or AIM2, NLRC4 and mouse NLRP1b contain a CARD domain which enables direct recruitment of procaspase-1. Analysis of the NLRC4 oligomer structure suggests that that the NLRC4 oligomer inner hole has a comparable diameter to CARD filaments, so the nascent pro-caspase-1 CARD filament could theoretically pass through [4, 40] . Pyrincontaining receptors recruit adaptor ASC, which uses its CARD domain to catch pro-caspase-1 monomers. ASC is not just a simple adaptor molecule. In the case of pyrin-containing receptors, ASC is the major driver of inflammasome response, it polymerizes in vitro [41] and in vivo into a structure called speck [50] . ASC speck Figure 5 : NLRC4 inflammasome activation leads to diverse downstream effects. NLRC4 is activated by the bacterial proteins flagellin, and the rod and the needle components of the T3SS, which are first sensed by NAIPs. NLRC4 and NLRP3 are also activated by hyperosmotic conditions. Mutations in the gene encoding NLRC4 cause autoinflammation via constitutive activation of the NLRC4 inflammasome. Sometimes NLRP3 and NLRC4 are recruited to the same inflammasome complex upon bacterial infection. NLRC4 inflammasome can activate caspase-1 in the absence of ASC. Pyroptosis was shown to be ASC independent. ASC recruitment to NLRC4 oligomer is necessary for efficient caspase-1 proteolysis and IL-1β and IL-18. Other cytokine-independent effects include eicosanoid biosynthesis, actin reorganization and expulsion of infected epithelial cells.
that cytosolic delivery of the flagellin D0 domain induced robust NLRC4 S533 phosphorylation, which was independent of NAIP5 and TLR5 and occurred prior to ASC/pro-caspase-1 recruitment [62] . Phosphorylation thus primed NLRC4, but was insufficient for activation. Another interesting phenomenon was observed in mice expressing only the phosphorylation-deficient NLRC4 S533A/S533A mutant [63] . Phosphorylation-deficient NLRC4 recruited NLRP3 to facilitate inflammasome response upon S. Typhimurium infection. The response to S. Typhimurium treatment of NLRP3-deficient NLRC4 S533A/S533A mutant macrophages was similar to NLRC4-deficient macrophages, supporting the role of NLRP3 in mutant NLRC4-driven response [63] . NLRC4 is able to co-immunoprecipitate with NLRP3 [63] and there are more indications that various NLRs can be found in the same complex. Both receptors were recruited to the same macromolecular complex upon S. Typhimurium infection [64] . Super-resolution fluorescence microscopy revealed that caspase-1 makes the core, surrounded by NLRP3 and NLRC4 rings, while ASC positions into a large external ring. Colocalization of NLRP3 and NLRC4 was only partial, with NLRP3 composing a ring with lower diameter than NLRC4 [64] . Interestingly, while hypoosmotic conditions activate the NLRP3 inflammasome due to K + efflux and Ca 2+ influx [65] , hyperosmotic conditions signal through NLRP3 and NLRC4, independently of K + efflux (Fig. 5) . This process was mediated by mitochondrial ROS [66] . Whether NLRP3 and NLRC4 are recruited to the same inflammasome complex upon hyperosmotic stress was not investigated.
Upon infection, multiple NLR proteins might be activated and recruited to the same inflammasome platform to support fast clearance of the pathogen.
NLRC4 mediates actin reorganization, eicosanoid synthesis and infected epithelial cell expulsion independently of IL-1β and IL-18
NLRC4 provides an efficient response against several bacterial species through the removal of infected cells by pyroptosis and the propagation of inflammation through IL-1β and IL-18. However, several studies describe additional NLRC4-dependent pathways.
Upon S. Typhimurium uptake, the NLRC4/ caspase-1 axis supports increased ROS production and actin reorganization, reducing macrophage movement and preventing further macrophage uptake of bacteria [67] . Actin reorganization was independent of ASC, yet the study suggests that it facilitates ASC speck in the absence of ASC speck. Upon the activation of NLRC4, several ASC molecules first interact with NLRC4 via CARD-CARD interactions, inducing the polymerization of ASC via PYD domains. ASC CARD domains then interact to make ASC speck, which is the platform for pro-caspase-1 processing and efficient cytokine maturation (Fig. 5) . Interestingly, the same residues of ASC CARD necessary for ASC-procaspase-1 interaction are important for the crosslinking of ASC PYD filaments and ASC speck formation. ASC CARD is unable to polymerize at physiological conditions [55] , thus ASC PYD filaments act as an oligomerization platform and ASC CARD domains facilitate efficient pro-caspase-1 recruitment and activation. These results are further supported in vitro, where single domain antibody fragment targeting ASC CARD efficiently inhibited polymerization of the ASC CARD and caspase-1 CARD mixture [56] . ASC speck thus acts as a platform for sufficient cytokine release before pyroptosis occurs. Many pathogens are able to replicate inside macrophages. Pyroptosis enables the disruption of pathogens' replicative niche. Interestingly, live bacteria stay trapped inside a macrophage corpsein what is called a pore-induced intracellular trap [57] . Efficient cytokine release [58] is necessary for the robust recruitment of neutrophils, which clear dead macrophages and trapped microbes through efferocytosis.
NLRP3 is recruited to the same complex as phosphorylation deficient NLRC4 upon S. Typhimurium infection
Inflammasome platforms enable strong signal amplification, which is necessary for efficient elimination of pathogens, but needs to be tightly controlled to avoid pathological overstimulation. Post-translational modifications such as ubiquitination and phosphorylation/ dephosphorylation regulate the activation of inflammasomes [59] . The role of phosphorylation at S533 on NLRC4 is particularly debatable. Qu et al. showed that S533 was phosphorylated by protein kinase Cδ (PKCδ) upon macrophage infection with S. Typhimurium [60] . S533A NLRC4 did not support pyroptosis or caspase-1 activation and IL-1β maturation, while phosphomimetic S533D NLRC4 induced pyroptosis in the absence of the pathogen. The role of PKCδ was later disputed [61] and S533 was phosphorylated in the determined structure of the inactive form, indicating that the phosphorylation of S533 is not the trigger for the structural rearrangement that leads to NLRC4 activation [30] . Later, it was shown syndrome with dermatitis, swollen joints, and splenomegaly. Autoinflammation was increased by exposure to cold, and depended on IL-1β and neutrophil IL-17A [71] .
The V341A mutation causes severe inflammatory phenotype in humans, with neonatal-onset enterocolitis [72] , while T337S mutation leads to early-onset recurrent fever flares and macrophage activation syndrome [73] . These mutants are active in the absence of known NLRC4 activators (Fig. 5) . V341A and T337S patients had very high serum IL-18 levels compared to healthy volunteers or CAPS patients [72, 73] .
All three NLRC4 pathologic missense mutations are located in the NOD module (Fig. 2) . T337 and V341 are located in HD1 and substitutions could lead to the destabilization of HD1/NBD interactions or ADP binding. H443 is located in WHD and directly forms hydrogen bonds with ADP ( Fig. 2A) . It is expected that the H443P mutation destabilizes ADP binding and thus the main interactions in the NOD module.
There are more than 100 mutations in either NLRP3 or NOD2 associated with autoinflammatory conditions. We envision that more NLRC4 pathologic mutations will be identified in the near future. A recent study also identified somatic mosaicism of the NLRC4 gene in a patient with NOMID [74] . This patient did not carry gainof-function mutations in the NLRP3 gene or somatic mosaicism in NLRP3, and the disruption of the mutated NLRC4 in patient macrophages obtained from induced pluripotent stem cells confirmed that the inflammatory phenotype was due to an NLRC4 T177A mutation [74] . With the development of next generation sequencing and transcriptomics, it is likely that the role of NLRC4 in other inflammatory diseases will be identified. Elevated levels of NLRC4 transcripts were observed in patients with active systemic-onset juvenile idiopathic arthritis [75] .
High serum levels of IL-18 in MAS patients indicate that targeting IL-18 might be beneficial for these patients. In fact, a case study of a NLRC4(V341A)-MAS patient reported a fast improvement upon rhIL-18BP (recombinant human IL-18 binding protein which binds IL-18 and blocks its signaling) treatment [76] .
NLRC4 involvement in stroke and cancer
There is emerging knowledge that highlights the role of NLRC4 in various pathologies driven by sterile inflammation, and this is opening discussions about how NLRC4 is activated in the absence of known PAMPs.
formation. Actin reorganization could potentially arrest bacteria inside dying macrophages for further elimination by neutrophil efferocytosis [57] . Sellin et al. showed that the replicative niche of S. Typhimurium is restricted by the epithelial NAIP/ NLRC4 inflammasome, which drives the expulsion of infected enterocytes and suppresses intraepithelial pathogen replication and systemic spread [68] . This was independent of IL-1 and IL-18. Additionally, expelled enterocytes retained membrane integrity, meaning that they had not undergone pyroptotic cell death [68] .
Von Moltke et al. [69] describe that in vivo delivery of LFn-flagellin induced rapid animal death, dependent on NLRC4 inflammasome response in resident intraperitoneal macrophages, which induced robust eicosanoid biosynthesis via cytosolic phospholipase A 2 and COX-1. This response was not dependent on IL-1β and IL-18, while the necessity for ASC was not investigated. Interestingly, a similar but sublethal response was observed upon systemic delivery of anthrax lethal toxin, mediated by NLRP1b [69] . In vivo delivery of LFn-tagged proteins of T3SS induced death similarly to flagellin, demonstrating that NAIP/NLRC4-dependent lethality is not specific to flagellin [23] . NAIP5/NLRC4 and NLRP1b do not require de novo synthesis and are thus able to mediate rapid responses to infection.
These studies demonstrate that NLRC4/caspase-1 activity is not restricted to a specific cell type (or hematopoietic origin) and is able to mediate a variety of defensive responses.
Mutations in NLRC4 cause autoinflammation
There are many identified mutations in NLRP3, leading to a group of autoinflammatory diseases called cryopyrin associated periodic syndrome (CAPS), which range from weak (familial cold induced periodic syndrome, FCAS) to severe (neonatal-onset multisystem inflammatory disease, NOMID). Some FCAS patients, however, do not carry mutations in either NLRP3 or NLRP12 [70] . Recently, three missense mutations in NLRC4 were linked to autoinflammatory syndromes. H443P heterozygous mutation was identified in a Japanese family, whose members experienced occasional cold-induced fever, urticaria, and arthralgia [71] . The H443P NLRC4 mutant was oligomerization-prone in the cell system, and mice carrying this mutation developed autoinflammatory NLRC4 activator remains enigmatic. The authors propose that perhaps obesity-induced changes in microflora or high-fat diet increased endotoxemia might be the reason for NLRC4 activation. The same group showed that the NLRC4 inflammasome in addition to NLRP3 contributes to diabetic nephropathy via IL-1β secretion [86] . Diabetic patients are more prone to bacterial infections, but whether those are the source of NLRC4 activation, or there are unknown endogenous NLRC4 triggers, remains to be elucidated.
Recently, NLRC4 was also shown to suppress melanoma and Lewis lung carcinoma tumor growth in a manner independent of inflammasome components caspase-1 and ASC [87] . This is the first evidence for an inflammasome-independent role of NLRC4. The authors suggest that NLRC4 signaling, induced by an unknown DAMP in macrophages, limits melanoma outgrowth. NLRC4-deficient macrophages exhibit lower IL-6 and consequently decreased STAT3 activation. They also observed that tumor effector CD4 + CD8 + T cells produced lower amounts of IFN-γ in NLRC4-deficient mice, which could explain the increased tumor growth. A decrease in the number of NLRC4 + tumor-associated macrophages was also observed in metastatic melanoma from human patients (compared to primary melanoma). Further studies are necessary to clarify the mechanisms of NLRC4-dependent tumor growth suppression.
Conclusion
NLRC4 is mechanistically and structurally by far the best characterized NLR inflammasome. The NLRC4 inflammasome assembly is initiated upon NAIP binding of bacterial PAMPs. Activated NAIP recruits NLRC4, and this heterocomplex is able to catalyze NLRC4 oligomerization. NLRC4 oligomer recruits pro-caspase-1 directly or binds ASC to induce ASC speck formation. In specific cases, NLRP3 can be recruited to the NLRC4/ASC complex to drive inflammation. Although there are some open questions remaining regarding the mechanism of NLRC4 activation and assembly, perhaps more fascinating are the novel effector functions that are emerging. The involvement of the NLRC4 inflammasome in the autoinflammatory diseases will also encourage research for NLRC4 specific inhibitors or perhaps even agonists to treat conditions where NLRC4 dependent activity is beneficial. Finally, recent studies demonstrate the roles of NLRC4 in sterile conditions, such as stroke and cancer, and pose the burning question of the mechanism of NLRC4 activation in the absence of known triggers.
Even before the discovery of inflammasomes, there was already substantial evidence for caspase-1 activation and the role of IL-1β in the progression of neurodegeneration. In the past decade, particularly NLRP3, NLRP1, and AIM2, but recently NLRC4, were shown to mediate neuroinflammation in various neurologic diseases (reviewed in [77] ). During ischemic brain injury, a variety of processes such as ROS production, acidosis, K + efflux, etc., mediate the activation of the NLRP3 inflammasome and such altered physiological conditions also trigger the NLRP1 inflammasome (reviewed in [78] ). NLRP3 was shown to mediate ischemic brain injury in a mouse model [79] , which was later not confirmed [80] . Mice deficient in AIM2, NLRC4, or ASC had decreased infarct size and improved neurological scores and reduced activation of microglia and leukocyte recruitment, while the outcome of NLRP3 deficient mice was comparable to wild-type controls [80] in experimentally induced brain ischemia. These results are surprising when taking into account that NLRP3 is regarded as the main sensor of sterile injury, while NLRC4 activation is triggered by known PAMPs. This study, however, suggests that NLRC4 plays an important role in sterile conditions, although the mechanisms of NLRC4 action in sterile inflammation will need to be investigated further. Since there are indications that both systemic and central IL-1 signaling contribute to brain injury [81] , Denes et al. suggested that the observed effect is mediated by systemic NLRC4 activation due to host microbiota or that NLRC4 is able to sense a so far unidentified danger-associated molecular pattern (DAMP) [80] .
Several studies investigated the diverse roles of NLRC4 in cancer. Hu et al. demonstrated [82] the protective effect of NLRC4 in azoxymethane-dextran sodium sulfate -induced colitis-associated colorectal cancer. This effect was independent of inflammation, which was the same in NLRC4-deficient and wild-type mice. The protective role came from NLRC4 originating from non-hematopoietic cell compartment [82] . They proposed that epithelial NLRC4 signaling regulates apoptosis thorough p53 activation [83] . Using the same model of colitis-associated colorectal cancer, Allen et al. found no differences in tumorigenesis between NLRC4-deficient and wild-type mice [84] , while protective effects were ascribed to NLRP3.
The NLRC4, but not NLRP3, inflammasome was shown to drive breast cancer in obese patients [85] . Macrophages with activated NLRC4 are recruited into the tumor microenvironment where, by the release of IL-1β, they induce adipocyte production of VEGFA and angiogenesis. This obesity-induced tumor growth can be inhibited by metformin or the blockage of IL-1β. The
